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A B S T R A C T
We report the ﬁrst investigation of dual-doped graphene/perovskite mixtures as catalysts for oxygen reduction.
Pairwise combinations of boron, nitrogen, phosphorus and sulfur precursors were co-reduced with graphene
oxide and mixed with La0.8Sr0.2MnO3 (LSM) to produce SN-Gr/LSM, PN-Gr/LSM and BN-Gr/LSM catalysts. In
addition, the dual-doped graphenes, graphene, LSM, and commercial Pt/C were used as controls. The addition of
LSM to the dual-doped graphenes signiﬁcantly improved their catalytic performance, with optimised composi-
tion ratios enabling PN-Gr/LSM to achieve 85% of the current density of commercial Pt/C at −0.6 V (vs. Ag/
AgCl) at the same loading. The eﬀective number of electrons increased to ca. 3.8, and kinetic analysis conﬁrms
the direct 4 electron pathway is favoured over the stepwise (2e + 2e) route: the rate of peroxide production was
also found to be lowered by the addition of LSM to less than 10%.
1. Introduction
Research eﬀort continues to focus on the oxygen reduction reaction
(ORR) due to its importance in energy device applications (e.g., fuel
cells and metal-air batteries) and, in particular, the search for more
abundant and inexpensive catalyst replacements for the Pt-group ma-
terials is attracting increasing attention [1–3]. Amongst several candi-
dates, perovskites have been demonstrated to be catalytically active
[4–9]. However, the low conductivity typical of perovskites limits their
application as single catalysts for the ORR [10].
In addition, graphene-related materials have also been considered
due to its high conductivity and possibility of increasing the catalytic
activity by the addition of dopant elements [11]. Speciﬁcally, dual-
doped graphene with B, P or S in combination with N have been de-
monstrated to be catalytically active towards the oxygen reduction
[12,13]. The combination of perovskites with highly conductive carbon
materials have been previously reported for acetylene black [14],
Vulcan carbon powder [15,16], Sibunit carbon [17], graphene [18,19],
and even N-doped graphene [20,21], with varying results. The role of
the carbon on the perovskite performance is still unclear. It has been
proposed that the presence of carbon greatly improves the conductivity
through the catalyst composite [22], whereas other workers suggest an
inﬂuence of the carbon material on the ORR pathway [14,15]. In par-
ticular, the ORR can proceed in alkaline media via two diﬀerent sug-
gested mechanisms: either direct reduction of O2 to OH− by a 4-elec-
tron mechanism (Eq. (1)), or a 2-step process in which the O2 is
partially reduced to peroxide in a 2-electron mechanism (Eq. (2)) fol-
lowed by either further reduction to OH− [Eq. (3)] or decomposition of
peroxide (Eq. (4)) [23].
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Here, we investigate combining dual-doped graphenes with a per-
ovskite for the ﬁrst time. These materials exhibit improved electro-
catalytic activity due to the synergic eﬀects of the dual-doped gra-
phene/perovskite, and optimisation of the composition obtains the best
performance in terms of both current densities and number of electrons
transferred in the ORR yields results that approach that of Pt/C.
2. Experimental
The dual-doped graphene catalysts were prepared via a thermal
annealing of a mixture formed by graphene oxide (GO, Nanoinnova
Inc., prepared by Hummers method, impurities measured by XRF: 0.7%
Mn, 0.05% Fe, 0.03% W, 0.02% Zn, 0.02% Cr), and the precursors of
the diﬀerent doping agents. These were: boric acid (Sigma Aldrich,
≥99.5%), melamine (Aldrich, 99%), orthophosphoric acid (Fisher
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Scientiﬁc, 86.75%) and dibenzyl disulﬁde (Aldrich, 98%). 100 mg of
GO was mixed with 500 mg of melamine and 100 mg of the corre-
sponding second precursor in 30 mL of ultrapure water
(resistivity≥ 18.2 MΩ cm, milli-Q Millipore). The ink was sonicated
(Ultrawave, 50 Hz) for 1 h, then stirred for 15 h and centrifuged at
20000 rpm for 10 min. The supernatant was discarded and the resulting
ink placed in an alumina crucible and pyrolised in a quartz tubular
furnace at 900 °C for 2 h, heating rate of 5 °C min−1, under
50 mL min−1 N2 atmosphere (BOC gases, O2 free, 99.998% purity).
Finally, the sample was cooled under nitrogen before being weighed.
Rotating ring-disk voltammetry was performed using a Metrohm
AutoLAB PGSTAT128N potentiostat connected to a rotator (Pine
Instruments Inc., USA) in a Faraday cage. The reference electrode was
an Ag/AgCl (sat. KCl) electrode (ALS Inc., E0 =+0.197 V vs. SHE) and
the counter electrode was a Pt mesh. The RRDE (Pine Instruments Inc.,
USA) consisted of a GC disk (5.61 mm diameter) and a Pt ring with an
area of 0.1866 cm2, with a collection eﬃciency of 37%. Prior to each
experiment the RRDE was thoroughly polished with consecutive alu-
mina slurries of 1, 0.3 and 0.05 μm (Buehler) and then sonicated to
remove any impurities. The catalyst inks were prepared by dispersing
diﬀerent amounts of the as-prepared dual-doped graphene (or pure
graphene sourced from PiKem Ltd.), and La0.8Sr0.2MnO3 (LSM,
PRAXAIR Surf. Tech., surface area: 4.19 m2 g−1) or manganese (IV)
oxide (MnO2, Sigma-Aldrich, 99%), to give a total amount of 5 mg
(with the desired composition) in 0.2 mL of isopropyl alcohol (VWR
Chemicals), 0.78 mL of ultrapure water and 0.02 mL of 10 wt% Naﬁon
Fig. 1. (a) LSV of graphene and SN-Gr with and without perovskite in O2-saturated 0.1 M KOH (measured at 10 mV s−1 scan rate and 1600 rpm, (doped)-graphene/LSM composites ratio
0.8:0.2, catalyst loading: 0.3 mg cm−2). (b) Number of electrons transferred vs. potential obtained from RRDE measurements (ring potential ﬁxed at +0.5 V). (c) Raman spectra of pure
graphene and SN-Gr. (d) k1/k2 ratios vs. potential (vs. sat. Ag/AgCl). (e) LSV of MnO2, SN-Gr and combined SN-Gr/ MnO2 in O2-saturated 0.1 M KOH (measured at 10 mV s−1 scan rate
and 1600 rpm, SN-Gr/MnO2 composites ratio 0.8:0.2, catalyst loading: 0.4 mg cm−2). (f) Number of electrons transferred vs. potential obtained from RRDE measurements (ring potential
ﬁxed at +0.5 V).
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(Ion Power Inc.). This mixture was sonicated for 1 h and then a 15 μL
aliquot was pipetted onto the GC disk to give a catalyst loading of
0.3 mg cm−2. The droplet was left to dry at room temperature for
60 min at 400 rpm as described in literature [24] in order to get an
uniform layer. The RRDE was then immersed in the O2-saturated (BOC
gases, N5, 99.999% purity) 0.1 M KOH (Sigma-Aldrich, 99.99%) alka-
line solution and cycled between +0.4 and −1.0 V at 100 mV s−1
until a stable response was observed. Linear sweep voltammograms
(LSV) were then recorded at 10 mV s−1 between +0.4 and −1.0 V at
rotation speeds from 400 to 2400 rpm. The Pt ring voltage was ﬁxed at
+0.5 V to ensure complete HO2− decomposition. The AC impedance
spectra were also measured via a Metrohm Autolab FRA32M analyser
between 500 kHz and 0.1 Hz at 0 V vs. Ag/AgCl (KCl sat.) with a signal
amplitude of 10 mV. All measurements were carried out at 293 ± 1 K.
XRD measurements were obtained using a PANalytican Empyrean
Pro X-ray powder diﬀractometer with a non-monochromated Cu X-ray
source. Raman spectra were recorded using a Raman Microscope
Renishaw inVia system (laser wavelength of 532 nm). X-ray photo-
electron spectroscopy (XPS) spectra were obtained at the National
EPSRC XPS Users' Service (NEXUS) at Newcastle University using a
Thermo Scientiﬁc K-Alpha XPS instrument with a monochromatic Al Kα
X-ray source.
3. Results and discussion
3.1. Comparison of dual-doped graphene/perovskite with graphene/
perovskite catalysts
First, rotating ring-disk voltammetry was performed on a range of
catalyst inks in an oxygen-saturated solution of 0.1 M KOH to
determine the eﬀect of the addition of LSM to the graphene derivatives.
Due to the ORR in alkaline media being a multi-step process and that
the graphene deposit creating a porous catalyst surface/layer, the
number of electrons involved in the electrochemical reaction, n, should
not be calculated from the application of Koutecky-Levich analysis to
RDE measurements [25–28]. Therefore, in the present work the value of
n is calculated from RRDE measurements using Eq. (5) [29]:
=
+ ( )n
I
I
4
I
N
D
D
R
(5)
where n is the number of electrons transferred, ID the current measured
at the GC disk (ID(H2O) + ID(H2O2)), IR the current measured at the Pt
ring (related to the oxidation of H2O2) and N the collection eﬃciency
which is a design parameter provided by the RRDE manufacturer
(N= 0.37).
The addition of LSM to pure graphene increases the observed value
of n from 2.7 to 3.6 (at −0.5 V) although does not aﬀect current
density (Fig. 1a and b). In the case of sulfur and nitrogen-doped gra-
phene, SN-Gr/LSM shows a signiﬁcant improvement in both the mea-
sured current and the value of n compared to SN-Gr (from 3.6 to 3.8 at
−0.5 V). The source of this improvement has been postulated to be
either conductivity eﬀects [22], or the acceleration of Eq. (3) by the
perovskite (since graphene materials tend to have lower n values due to
catalysis of the 2e pathway) [30].
XRD and Raman spectroscopy were used to investigate the doped
graphenes: both pure graphene and SN-Gr showed diﬀraction peaks at
26.5° corresponding to a basal inter-layer spacing of 0.34 nm typical of
graphene materials [31]. The defects created during thermal annealing
are believed to inﬂuence the conductivity of graphene materials [32],
and modify the relative intensity of the ID and IG peaks in the Raman
Fig. 2. (a) LSV of SN-Gr/perovskite at diﬀerent compositions in O2-saturated 0.1 M KOH. (b) Onset and half-current potentials vs. composition. (c) Tafel plots of the catalysts. (d) Number
of transferred electrons calculated from RRDE measurements.
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spectra (Fig. 1c) observed at 1340 and 1580 cm−1, respectively [33].
The measured values of the ID/IG ratio are 0.25 for graphene and 1.13
for SN-Gr, indicating fewer defects and thus higher conductivity for the
graphene sample. AC impedance measurements of the high frequency
resistances supported this (39.7 ± 0.1 Ω for graphene and
44.3 ± 0.2 Ω for SN-Gr). The conclusion of this is that the positive
eﬀect observed for the SN-Gr/LSM (over Graphene/LSM) is not related
to an increase in the conductivity of the material.
Next, the RRDE data was analysed using the method of Hsueh and
Chin [34] to determine the ratio of rate constants k1/k2 (see Eqs. (1)–(3)
above). Fig. 1d indicates that the addition of LSM promotes the direct
4e pathway over the stepwise 2e pathway in both cases (Gr/LSM and
SN-Gr/LSM).
In order to see if the results obtained for the doped-graphene/per-
ovskite catalyst are mainly due to the presence of Mn in the perovskite,
an experiment comparing the catalytic activities of MnO2, SN-Gr and
SN-Gr/MnO2 has been carried out and the results are shown in Fig. 1e
and f. Unlike the results reﬂected in Fig. 1a, the addition of MnO2 to the
dual-doped graphene does not improve the current density nor the
observed overpotential with respect to the doped-graphene alone. This
suggests that the catalytic activity of the perovskite/doped-graphene
hybrid catalyst does not come from the Mn activity only.
3.2. Optimization of composition
Next, the inﬂuence of the composition of the SN-Gr/LSM system on
the catalytic performance towards the ORR was investigated by con-
ducting analogous experiments on a series of SN-Gr/LSM composites
(shown in Fig. 2). A gradual decrease in overpotential is observed as the
SN-Gr content rises, reaching a minimum at 80% SN-Gr content
(Fig. 2a). This echoes the trend in onset and half-wave potentials shown
in Fig. 2b, with the most positive onset being +70.5 mV and the least
negative half-wave potential being −213 mV at 80% SN-Gr content.
Tafel plots (Fig. 2c) conﬁrm the same trend, showing the SN-Gr/
LSM 0.8:0.2 the lowest value of Tafel slope with −104 mV dec−1 (for
comparison the same value obtained for Pt/C 20% was
−86 mV dec−1). The values of n calculated from ring currents are
provided in Fig. 2d and show that LSM reaches a maximum value of n
(at−0.5 V) of 3.8, whereas the lowest value of 3.6 corresponds to pure
dual-doped graphene. For mixed SN-Gr/LSM composites n does not
vary systematically between these two values, with n equal to 3.8 for 20
and 80% dual-doped graphene composition and 3.7 for 40 and 60%.
This points to that the ORR takes place in the pure perovskite by a 4e
mechanism, although this selectivity towards the direct O2 reduction
into OH− is not reﬂected in improved current densities, probably due to
the previously mentioned poor conductivity of perovskites. The ORR
performance of LSM perovskite is improved with the addition of dual-
doped graphene, the best results being obtained at higher SN-Gr con-
tents.
The principal conclusion is that the electrochemical performance
mainly comes from the intrinsic catalytic activity of the doped-gra-
phene, with the perovskite playing a role of further reducing agent of
the peroxide produced by the graphene catalyst. It has been proposed
that the carbon facilitates the reduction of O2 into HO2− in a 2e−
pathway and the perovskite assists the reduction of HO2− into OH− to
give an overall (2e + 2e) mechanism [10]. In this case, it can be ob-
served that the SN-dual doped graphene shows a value of n= 3.6 when
it is not combined with perovskite, which increases on the addition of
perovskite to around 3.8 (comparable with n for ORR on the pure LSM
itself). This explanation is therefore possible if the rate of the per-
ovskite-facilitated peroxide reduction is fast compared to the formation
of peroxide.
Fig. 3. (a) Survey XPS spectra of the dual-doped graphenes. (b) LSV of the dual-doped graphenes with and without 20% perovskite addition at diﬀerent compositions in O2-saturated
0.1 M KOH. (c) Number of electrons transferred vs. potential. (d) Mole fraction (in %) of produced peroxide obtained from RRDE measurements.
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3.3. Comparison of diﬀerent dual-doped graphenes combined with
perovskite oxides
In order to elucidate if the conclusions obtained for SN-Gr/LSM
could be extended to other dual-doped graphenes, graphene doped with
boron‑nitrogen (BN-Gr) and phosphorus‑nitrogen (PN-Gr) were tested
under the same conditions. Their compositions were determined via
XPS and are shown in the inset of Fig. 3a. The voltammetry in Fig. 3b
illustrates that all the doped-graphenes increased their limiting current
densities when 20% perovskite was added. The PN-Gr catalyst exhibited
the highest activity, which is further enhanced by the addition of per-
ovskite such that its current density approaches commercial Pt/C.
In all cases the addition of LSM caused an increase in the value of n
(Fig. 3c), with particular interest in SN-Gr where n rises from 3.6 to 3.8.
The production rate of peroxide intermediates (Fig. 3d) drops from
21.1% for the dual-doped SN-Gr to 9.6% for SN-Gr/LSM. This is an
unusually low value for a Pt-free catalyst.
It has been proposed that the carbon could aﬀect the electronic
structure of B-site transition metal of perovskite [10]. Some authors
have demonstrated that the addition of carbon to perovskites can
modify the oxidation state of the B-site transition metal, for example
Co, which is linked to enhanced catalytic activity [35], although this
was not observed for Fe [36]. The possible interaction between the
heteroatoms of doped-graphene with the electronic structure of B-site
transition metal of perovskite, and its possible relation with the en-
hanced catalytic performance, will be investigated in a separate study
to elucidate further these eﬀects on the catalytic mechanism of these
promising hybrid materials.
4. Conclusions
The combination of a perovskite (LSM) with dual-doped graphenes
shows a synergistic eﬀect towards the ORR, with an optimal composi-
tion of 20% perovskite yielding a value of n of 3.8 for SN-Gr/LSM,
whereas the PN-Gr/LSM develops the highest catalytic activity ap-
proaching that of commercial Pt/C catalyst with the same catalyst
loading. The addition of LSM further favours the 4e mechanism over the
stepwise 2e + 2e pathway, and the increase of conductivity to LSM
provided by the graphene derivative is found not to be signiﬁcant in the
catalytic behaviour.
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